The differential cross section of the chargino-neutralino production, qq → χ ± χ 0 , followed by their decays into scalar tau leptons,
Introduction
It is often stated that the LHC is a machine for discovery of new physics and we will need a new lepton collider to find out what the actual underlying theory is. This is because most of new physics signals at the LHC involve multiple jets in final states which are not simple objects to deal with. It is also true that studies of events with missing momentum at hadron colliders are more challenging compared to those at lepton colliders because we cannot use the momentum conservation in the beam direction. Moreover, unfixed energies of the initial partons are another obstacle in studying the exclusive processes. For this reason, most studies are limited to forming Lorentz (or boost) invariant quantities out of visible objects to look for peaks, endpoints or excesses above expected backgrounds. Such kinds of observables do not usually give enough information to determine the Lagrangian parameters.
Although lepton colliders generally offer a better environment for the studies of exclusive processes, at hadron colliders it is not impossible to carry out a detailed study of new-physics events if the final states are clean enough. In fact, one of the best-motivated models of new physics, supersymmetry (SUSY), may provide such an opportunity. In the case where the scalar tau lepton (τ ) is lighter than the neutralinos and sufficiently long-lived, final states of SUSY events have two charged tracks ofτ rather than a missing momentum associated with escaping neutralinos. The presence of such a long-lived charged particle significantly improves the capability of the LHC to study SUSY models.
Although the lightτ scenario has been treated as an alternative and exotic possibility, it is actually neither theoretically exotic nor cosmologically problematic. Since the right-handed τ carries only the U(1) Y quantum number, quantum corrections to its mass through gauge interactions are small whereas colored and SU (2) charged sfermions obtain large positive contributions. In addition, the Yukawa interaction tends to give a negative contribution to the mass. Therefore, it is pretty reasonable to assume that theτ is the lightest among the superpartners of the Standard Model fields. In such a case, the lifetime ofτ can be very long although the estimate depends on the detail of the model; it can decay into a gravitino and a tau lepton through a suppressed interaction if it is kinematically allowed or into two Standard Model fermions if R-parity is violated. There are cosmological constraints on such a long-lived charged particle [1] ( [2] for related works), but those can be evaded as long as we do not assume an extremely long lifetime. (See [3] for a recent realistic scenario of supersymmetry which predicts a long-livedτ and naturally explains dark matter of the Universe by gravitinos.)
There have been studies of the long-livedτ at the LHC, and dramatic differences from the stable neutralino scenario have been reported. In Ref. [4] , a technique to reconstruct neutralino masses has been proposed by looking for the decay process χ 0 →τ τ . (See [3, 5] for recent studies based on different SUSY models.) A detailed study of measuring the mass and the momentum ofτ in the muon system of the ATLAS detector has been done in Ref. [6, 7, 8, 9] , and it was reported that the mass can be measured with an accuracy of O(0.01 − 0.1%) [8] . An amusing possibility to collectτ 's by placing a material outside the detectors and measure its lifetime has been proposed in Refs. [10, 11, 12] . Recently, it was pointed out that the spin ofτ can be measured by looking at the angular distribution of the pair-production process ofτ [13] . To discover the long-livedτ scenario at hadron colliders, various signatures have been considered such as highly ionizing tracks [14, 15, 16] , events with multiple leptons [15, 16] , and an excess in the dimuon-like events [15] . (See also [17] for a list of various final states.) The usefulness of a p T cut (p T distribution) in distinguishing ã τ track from a muon has been pointed out in Ref. [18] .
In this paper, we study the production process of neutralinos and charginos followed by their decays intoτ 's. We assume the lifetime ofτ is sufficiently long (≫ ns) so that most of the producedτ 's reach the muon system where their three-momentum can be measured.
Combined with mass measurements [8] , one can reconstruct the four-momentum of theτ 's.
We mainly focus on the chargino-neutralino production process since it has the largest cross section among the electroweak production processes and the final state is rather simple but rich enough to be reconstructed on an event-by-event basis. A particularly interesting process is→ χ ± χ 0 → (τ ± ν)(τ ∓ τ ± ) → (τ ± ν)(τ ∓ l ± νν), where it is required that the neutralino decays intoτ with the opposite charge to the one from the chargino to avoid a combinatorial background. The leptonically decaying τ 's are selected so that we can easily measure the charge of τ . The leptonic mode is also cleaner than τ -jets with which we need to worry about uncertainties such as fake jets and the energy scale. The final state (two opposite-sigñ τ 's, a lepton and a missing momentum) is clean enough to be compared directly with the theoretical calculation. We present a formula of the cross section taking into account the spin correlations and demonstrate that various distributions can be seen at the LHC experiments. These distributions will be non-trivial tests of SUSY. Methods to measure the neutralino and chargino masses by using exclusive processes are also presented.
Interaction Lagrangian
There are two types of Feynman diagrams for the χ ± χ 0 -production process. One is through an s-channel W -boson exchange and the others are the t-and u-channel squark-exchange diagrams [19] . The interaction Lagrangian for the former diagram is
where w L and w R are coupling constants. We will discuss their relation to the fundamental parameters later. For the squark-exchange diagrams, the interaction terms are
where
are coupling constants. If we neglect the u-and d-quark masses, there is no chargino coupling to the right-handed quarks. Therefore, only the left-handed (s)quarks participate in the diagrams.
The charginos decay through a term:
There are two terms for the neutralino decay:
3 The cross-section formula
We calculate the differential cross section of qq
in terms of the kinematic variables defined in Fig. 1 . We require the neutralino to decay intoτ with the opposite charge to the chargino, and the τ to decay leptonically. From this condition and looking at the charges of the lepton and those of twoτ 's in the final state, we can tell whichτ is from the chargino. The angle θ (0 ≤ θ ≤ π) is defined as the polar angle of the chargino momentum in the center-of-mass (CM) frame where we take the production plane to be the x-z plane and the direction of the x-axis is chosen so that the x-component of the chargino momentum is positive. The direction of the z-axis is taken to be that of the q momentum. We also introduce angles θ 1 and φ 1 (θ 2 and φ 2 ) which are polar coordinates
Figure 1: The coordinate systems.
of theτ ± (τ ∓ ) momentum in the rest frame of χ ± (χ 0 ) (0 ≤ θ 1,2 ≤ π and 0 ≤ φ 1,2 ≤ 2π).
Momenta in those frames are related by the following Lorentz transformations:
The boost factors are defined by
where x A = m χ + / √ŝ and x B = m χ 0 / √ŝ withŝ = (P χ + + P χ 0 ) 2 . For later use, we define
which are energies of the chargino and the neutralino in the CM frame normalized by √ŝ /2.
Finally, we define
where the energies of the lepton (E l ) and τ (E τ ) can be measured in any frame in the approximation m τ ≪ m χ 0 . In this limit, the lepton momentum is pointing in the same direction to that of the parent τ .
The cross-section formula can be written in terms of a product of density matrices of the production part ρ ab and the decay parts D a A (chargino) and [20] for example for methods to calculate the cross section.) By using the narrow width approximation, it is given by
with
where g 2 is the coupling constant of the SU(2) L gauge interaction, and x W = m W / √ŝ with m W equal to the W -boson mass. The delta factor is simply δ b0 = (1, 0, 0, 0). A real-number parameter a N (−1 ≤ a N ≤ 1) represents parity violation in the χ 0 -τ -τ interaction:
Once we integrate over the lepton-energy fraction, z l , the D A · ρ · D B part reduces to
Note that the term which is proportional to a N in Eq. (13) vanishes after the integration over
The decay parts D a A and D b B have a simple form:
where a C is the parity-violation factor in the chargino decay. It always takes the maximum value: 
When we perform a further integration of angles, dΩ 1 dΩ 2 , and z l , we obtain
The production part ρ ab is expressed in terms ofŝ, the angle θ and effective coupling
and
The masses mũ L and md L are those of the left-handed squarks,ũ L andd L , respectively. The components ρ ab are given by
With a fixedŝ, the energies z A (≡ 2E χ ± / √ŝ ) and z B (≡ 2E χ 0 / √ŝ ) and the velocities β A and β B are constants as defined in Eqs. (8), (9) and (10) . The spin summed part ρ 00 has also been calculated in Ref. [19] .
By using this cross-section formula we will be able to extract various information such as parity and CP violating parameters in the interaction Lagrangian.
Asymmetries vs parameters in the Lagrangian
The cross-section formula derived in the previous section further simplifies in the case where the left-handed squarks are much heavier than the χ 0 /χ ± in the intermediate state, or one of the χ 0 /χ ± is Higgsino-like. In such cases, the diagrams with squark exchanges are not important and the angular dependencies inw L andw R vanish. In this approximation, This situation is not unrealistic since quantum corrections tend to make the squarks much heavier than other superparticles. In the following discussion we will use this simplification.
For a more general analysis, one should use the full formula derived in the previous section.
We have defined two parity-asymmetry parameters a N and a C (≡ 1) for the decay processes in the previous section. For the production part ρ, we define the following three quantities:
The matrix ρ can be expressed in terms of the three quantities and an angle θ. In this section, we discuss model parameters and their relations to the observables
here.
In the minimal supersymmetric standard model, there are five model parameters which are relevant for the process: the Higgsino mass parameter µ, the ratio of the vacuum expectation values of the Higgs fields tan β(≡ H 2 / H 1 ), the gaugino mass parameters M 1 and M 2 , and the mixing parameter of the scalar tau leptons θτ (
The coupling constants w L,R and n 
where the right-hand-side of the equations are diagonal matrices with real and positive eigenvalues. The mass matrices M χ 0 and M χ + are
The vacuum expectation value v is v = H 1 2 + H 2 2 = 174 GeV.
In terms of the mixing matrices, the coupling constants are given by
and 
, is also an independent physical parameter.) Finally, the parity asymmetry a N in the neutralino decay is calculated with (tan β, M 1 , M 2 ) = (30, 132 GeV, 250 GeV) in Fig. 4 . We take three values of theτ -mixing parameter θτ = 0, π/4, π/2. Fig. 4 shows that a N is highly dependent on the model parameters; specifically the properties of the neutralino andτ . This parameter does not necessarily vanish in the pure Higgsino or Wino limits due to the chiral nature of the tau lepton. For example, if the neutralino is purely Higgsino and the stau is left-handed (right-handed), the tau lepton must be right-handed (left-handed), i.e., a N = −1 (+1), although we need to take into account mixings in more realistic cases.
We can see that the asymmetry parameters, especially a N , are sensitive to the model Figure 4 : The µ parameter dependence of the parity asymmetry a N .
parameters. As we will see in the next section, the parameters, a N , a W , η W can be measured by looking at asymmetries in various distributions. Measurements of those asymmetries together with the mass measurements provide us with information on combinations of the neutralino/chargino mixings and theτ mixing.
Angular and energy distributions
We can obtain various one-dimensional distributions by integrating over the remaining variables in the differential cross section (12) . Here we adopt the simplification that the squark diagrams are not important.
We list in Table 1 transformation properties of the angles under the charge conjugation (C), the parity transformation (P), and the time reversal (T). The transformation properties of asymmetry parameters are assigned in the right table. With these assignments, the interaction Lagrangian in Eqs.
(1-5) are "formally" C, P, and T invariant. These are helpful in understanding the resulting distributions. Table 1 : C, P, and T transformation properties of angles defined in Fig. 1 and of the asymmetry parameters. With these assignments in the right table the interaction Lagrangian in Eqs. (1) (2) (3) (4) (5) are "formally" C, P, and T invariant. The symbol ± represents the charge of the chargino.
By integrating over θ, (θ 1 , φ 1 ), and (θ 2 , φ 2 ), we obtain
This is the well-known polarization dependence of the lepton-energy distribution occurring in leptonic τ decays [21] . Since z l is a rotation and boost invariant quantity (in the limit of m τ /m χ 0 ≪ 1), we can measure this distribution in the laboratory frame. This distribution will tell us about the parity asymmetry a N in the neutralino decay through the τ polarization.
This distribution will remain unchanged when we include the squark diagrams.
cos θ 1 distribution
By integrating over θ, φ 1 , (θ 2 , φ 2 ), and z l , we obtain
Recall that a C = 1. The function f 1 is given by
.
Because this cos θ 1 distribution is P-even (see Table 1 ), a non-trivial distribution requires parity violation in both the production process (a W ) and in the decay of the chargino (a C ).
In hadron collisions, event rates are obtained after a convolution with the parton distribution functions. The actual distribution is ∝ 1 + a W f 1 cos θ 1 where f 1 is an averaged value of f 1 . The value of f 1 vanishes in the threshold production limit (β A → 0, β B → 0), and it approaches unity for a boosted event (β A → 1, β B → 1). (A larger asymmetry can be observed if we select events with largeŝ, although the number of events decreases exponentially if the lower cut onŝ is increased.) Observing this asymmetry will provide evidence of both the chargino spin and of parity violation in the weak interaction of the charginos and neutralinos.
cos θ 2 distribution A similar distribution is obtained when we integrate θ, (θ 1 , φ 1 ), φ 2 , and z l :
The angular dependence is due to both the neutralino spin and the parity violation occurring both in the production and the decay of the neutralino.
cos θ 1 cos θ 2 distribution
A non-trivial correlation is present between the angles on both sides of decays. The θ 1 and θ 2 dependence of the cross section is
Integrating over θ 1 and θ 2 keeping the product cos θ 1 cos θ 2 (≡ y) fixed, we obtain
The non-trivial part (the second term) is due to the spin correlations between the chargino and the neutralino. Parity violation (a N = 0) biases the distribution towards a positive or negative value of y. This distribution is independent of the asymmetry parameter a W in the production process. Note also that the function f 2 does not vanish in the limit of the threshold production (f 2 → 1/3), although it is maximized in the boost limit (f 2 → 1).
Confirming this correlation will be an interesting test of the model.
A non-trivial distribution of the azimuthal angle φ 1 takes place due to parity violation in the chargino decay:
The φ 1 dependence appears even if a W = 0. This is somewhat surprising once we realize the fact that cos φ 1 is P-even and the chargino decay violates parity (a C = 0). In order for the distribution to be formally P-invariant there should be another interaction that violates parity. This is in fact supplied by maximal parity violation in the weak interaction of the quarks in the production process. This fact means that to observe the distribution one needs to measure the direction of the quark (or the anti-quark). This conclusion can be also seen in Fig. 1 , because knowledge of the quark direction is necessary to define the angles φ 1 and φ 2 .
The different signs for the χ + χ 0 and χ − χ 0 productions can be understood by the fact that cos φ 1 and sin φ 1 are CPT-odd. The sin φ 1 dependence (phase of the φ 1 oscillation) measures CP (or T) violation in the production process, η W .
The function g 1 is maximized at the threshold limit and vanishes in the boost limit, in contrast to the case of the polar-angle dependencies. In the threshold limit, the coefficient of cos φ 1 is π 2 /16. The CP asymmetry vanishes in both the threshold and the boost limits. 
Other distributions
Although we will not study them in this paper, there are various kinds of other non-trivial distributions. For example, the distribution of the difference of the angles φ 1 −φ 2 also depends on the CP-violation parameter η W . In the reconstruction of this angle at hadron colliders we do not need to know the direction of the q orq in the initial state in contrast to the case of the angles φ 1 and φ 2 . This is an advantage especially at pp colliders. Analytic formulae of such distributions can easily be obtained from the full cross-section formula.
6 LHC studies of χ + χ − and χ ± χ 0 productions
In this section, we demonstrate a possible strategy for the study of the production processes of charginos and neutralinos by performing a Monte Carlo simulation. We use the following simplified model for generating events:
tan β = 10, mτ L = 5000 GeV, mτ R = 100 GeV.
With this choice of parameters, all the SUSY particles decouple from low energy except for the Higgsinos and the right-handedτ . The chargino and two light neutralinos are purely * As we have seen above in the case of the χ ± χ 0 production, parity violation is needed at both the production and the decay vertices in order to develop a φ1 or φ2 azimuthal-angle dependence. These conditions are in fact general requirements for 2 → 2 fermion pair production with subsequent two-body decays of each fermion. Therefore, the method of Ref. [22] should work only in a limited case. For example, there is no azimuthal-angle dependence of the differential cross section in processes where fermions are pair produced through QED or QCD interactions such as tt pair production or the production of a gluino pair at hadron colliders (unless the beam is polarized). In such processes, the angular correlations between two decays, such as the distribution of cos θ1 cos θ2 or φ1 ± φ2, will instead be useful if there is parity violation at the decay vertices.
Higgsino-like and the masses are calculated to be:
Although there are two mass eigenstates for the neutralinos due to a small mixing with gauginos, they almost behave like a single Dirac fermion. We do not distinguish χ 0 1 and χ 0 2 in the following analysis. The lifetime ofτ 1 is assumed to be much longer than the typical collider time scale (1/Γτ ≫ ns). The branching fractions of the chargino and the neutralino decays are of course,
The asymmetry parameters in this model are calculated to be a N = 1.00, a W = 0.00, ξ W = 1.00, η W = 0.00.
Note that this parameter choice is simply for a demonstration and not particularly motivated by any fundamental model which realizes a lightτ . We use this model as the first trial of the study of production events of charginos and neutralinos in the long-livedτ scenario. In more realistic situations, other mass eigenstates will be produced which contaminates the analysis of the leading production process. Since the importance of such effects depends on the detailed structure of the models, we use the above clean model as a toy example. The values of asymmetry parameters, a W = 0.00 and η W = 0.00, are not very interesting ones, but in fact, as we see later we need to first study these trivial cases in order to confirm whether there is a fake distribution caused by false solutions, which appear in the reconstruction of kinematic variables. In order to measure the asymmetry, we need to understand whether a non-trivial distribution is fake or physical.
We have generated 26,000 events of the electroweak production processes of SUSY particles (including theτ pair-production process) in the pp collision at √ s = 14 TeV by using the Herwig 6.5 event generator [23] . The spin correlations have been implemented for the χ + χ 0 production and their decays [24, 25] . This number of events corresponds to an integrated luminosity of 100 fb −1 at the LHC. (We will use 300 fb −1 of data for some of the analysis of angular distributions.) We have used the CTEQ5L library [26] for the parton distribution function. For the τ decay, we have used TAUOLA 2.7 package [27] so that the spin information is maintained. A detector simulator AcerDET 1.0 [28] has been used for the event analysis.
In the following analysis, we assume that the mass ofτ is known by the method of Ref. [8] , and we ignore the resolution of theτ -momentum measurements which is of order a few percent
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Figure 5: The M T 2 distribution of the chargino-pair production. The chargino mass can be extracted by looking at the endpoint.
in the ATLAS experiment [7] . One should note that the accuracies of the measurement quoted below are somewhat optimistic for this reason. We also assume perfect efficiencies of theτ identification and of theτ -charge measurement forτ tracks with p T > 10 GeV and |η| < 2.5.
By requiring twoτ 's, there is no Standard Model background with this assumption although in actual experiments one needs to take into account mis-identifications of muons asτ .
We first discuss possible methods to measure the masses of the chargino and the neutralino through the exclusive production processes. Measurements of the asymmetries from looking at the angular and energy distributions studied in Section 5 will then be demonstrated.
Chargino mass determination by chargino-pair production
We present a method to measure the chargino mass exclusively from the chargino pairproduction process. The final state of the process is two opposite-signτ 's and missing momentum from the two neutrinos.
Although we cannot reconstruct the chargino momentum on an event-by-event basis, the endpoint analysis developed in Ref. [29] can be used to extract the chargino mass. The method is to form a quantity M T 2 defined by
where p Tτ − and p Tτ + are the transverse momentum of the twoτ 's and p miss T is the missing transverse momentum. The transverse mass m T is defined by
The quantity M T 2 is designed to have the endpoint at the mass of the intermediate particle.
In order to select the χ + χ − events, we have imposed the following jet and lepton vetoes:
We do not need to impose a tight cut on the missing momentum sinceτ +τ − events do not contribute near the endpoint of the distribution. The M T 2 distribution is shown in Fig. 5 .
There is a clear endpoint around the input chargino mass, 300 GeV. By fitting with a linear function, we obtain the endpoint: 303.2 ± 0.7 GeV, which is slightly larger than the input value due to the resolution of the missing transverse momentum † .
Neutralino and chargino mass determination by chargino-neutralino production
We show in this subsection that quite accurate measurements of the neutralino and chargino masses are possible by analyzing exclusive processes. Combining various methods described below, we will be able to measure the masses at the level of a few GeV.
Endpoint analysis for the neutralino mass
The neutralino mass can be measured by looking for an endpoint of the invariant mass distribution of theτ ∓ l ± pair from the neutralino decay followed by the leptonic tau decay.
The χ ± χ 0 -production process can be selected by requiring twoτ 's and an isolated lepton:
As we discussed before, we require that twoτ 's have opposite signs so that there is no ambiguity in selectingτ from the neutralino decay.
The invariant mass distribution of theτ ∓ l ± pair is shown in Fig. 6 . An accurate measurement of the neutralino mass is possible by this method (300 ± 3 GeV). † One should use a Gaussian-smeared line to take into account the effect of finite resolutions.
Mτ∓ l ± [GeV]
Events/5 GeV/100 fb Figure 6 : Invariant mass distribution ofτ ∓ l ± pairs. The endpoint shows the neutralino mass.
Solvability analysis for the neutralino mass
By using the information of the chargino mass measured by the χ + χ − pair production process,
we can obtain the neutralino mass by a similar method proposed in Refs. [30, 31] . (See also [32] for a similar analysis for the measurement of the top-quark mass in the di-lepton events from the tt productions at the LHC.) Since the final state is relatively simple, we can solve the kinematics on an event-by-event basis by postulating a neutralino mass. By maximizing the solvability (number of events which can give physical solutions normalized by the total number of events analyzed), we can obtain the correct neutralino mass.
The equations to be satisfied are
whereas there are four unknowns in these equations: The number of events with a physical solution is shown in Fig. 7 for various input neutralino masses. It indeed shows a sharp peak at the correct neutralino mass, 300 GeV. We have used the correct value of the chargino mass in the analysis. In the actual situation, the experimental error in the chargino mass will propagate into the error in the peak location.
Fitting with two linear functions near the peak, we find that the neutralino mass can be measured quite accurately (301 ± 2 GeV) if the chargino mass is known.
Note again that this analysis is not completely realistic. We have ignored the momentum resolutions ofτ tracks and assumed the perfect identification efficiency. We leave more realistic studies to future work.
Events/5 GeV/100 fb Figure 8 : The transverse mass distribution for the chargino mass measurement.
Transverse mass analysis for the chargino mass
Once we know the neutralino mass by, for example, the method of the endpoint of the Mτ∓ l ± distribution, the transverse momentum of the neutrinos from the chargino decay can be reconstructed without the two-fold ambiguity from Eqs. (72-74). We can then form a transverse mass in Eq. (67) and the chargino mass can be obtained by looking for an endpoint of the distribution.
We show in Fig. 8 the distribution of the transverse mass, M T . We can see a sharp peak near the correct chargino mass. The endpoint is again smeared by the resolution of the missing transverse momentum. An appropriate fitting is necessary for the extraction of the chargino mass. For a simple fitting by a linear function, we obtain a significantly larger value (309.2 ± 0.8 GeV) due to the finite resolution.
Solvability analysis for the chargino mass
The solvability analysis can also be done for the chargino mass once we know the neutralino mass. The solvability is plotted in Fig. 9 where we see that the solvability saturates near the chargino mass.
By looking for a point where the solvability saturates, we can obtain the chargino mass (303 ± 1 GeV).
(# of events)=1227 Solvability × (# of events)/1 GeV Figure 9 : The solvability analysis for the chargino mass measurement. The right figure is the same analysis with a better resolution near the threshold.
Energy and angular distributions
Now we examine whether the energy and angular distributions obtained in Section 5 are visible in actual experiments. An especial concern is that there is always a false solution in the Eqs. (71-74), which may destroy the theoretical distributions. One purpose of this analysis is to understand the effect of the false solution.
In the analysis, we have used the events passed through the selection cut in Eq. (70). We assume in the following that the chargino and neutralino masses are known and ignore errors in the mass measurements.
z l distribution
This distribution measures the polarization of the τ lepton from the neutralino decay. We do not need to distinguish events with different lepton charges since the theoretical distributions are the same (Eq. (50)).
The measurement of the energy fraction of the lepton, z l , does not suffer from the two-fold ambiguity since Eq. (72) is a linear equation in z l in the approximation of m l = 0, and we do not need to know P z ν .
The distribution is shown in Fig. 10 . We fit the distributions with the theoretical curve used the same normalization with the solid curve). We can see that the best-fit curve can be discriminated from those models. The region with small z l is affected by the p T cut on the leptons. This region is omitted from the fitting.
cos θ 1 distribution
This distribution measures the parity asymmetry in the χ ± χ 0 production process, a W , through Eq. (51). The averaged value of the function f 1 in Eq. (52) weighted by the cross section depends on a selection cut onŝ (ŝ ≡ (P χ ± + P χ 0 ) 2 ). It is an increasing function of s min , but the number of events rapidly decreases withŝ min . In the model we simulated, the cross section falls off as
The averaged value defined by
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Figure 11: The reconstructed cos θ 1 (left) and cos θ 2 (right) distributions. The false solutions are included. A selection cut √ŝ > 900 GeV is imposed on both of the solutions in each event.
is then estimated to be, for example, f 1 (600 GeV) = 0.52, f 1 (900 GeV) = 0.74,
for m χ + ≃ m χ 0 ≃ 300 GeV and ξ W = 1. Since the asymmetry will be diluted by false solutions as we see below, it is necessary to impose a cutŝ min in order to expect a large asymmetry.
The angle cos θ 1 which is defined in the rest frame of the chargino is expressed in terms of theτ ± energy in the CM frame:
where γ A and β A are defined in Eq. (8), and E
τ ± and P
τ ± are the energy and momentum in the rest frame of the chargino, respectively. They are given by
When we calculate theτ energy in the CM frame from the quantities measured in the laboratory frame by boosting to the z-direction, one encounters the two-fold ambiguity for
In order not to develop a fake distribution caused by the false solution, we need to be careful when we impose a selection cut onŝ. We have examined the following three methods of imposing aŝ min cut. One is to choose a solution which gives a smaller value ofŝ, and impose a selection cut √ŝ > 900 GeV on the chosen event. This strategy effectively picks up the true solution (with the probability of about 63%) because of the distribution in Eq. (76).
However, this method causes a bias in the cos θ 1 distribution towards larger cos θ 1 . For each event, it is likely that the solution with larger cos θ 1 (which would mean that the neutrino is emitted to the opposite direction to the chargino in the CM frame) gives a smaller value of s, and thus such a solution is more probable to be chosen. This correlation causes bias.
The next strategy is to use all the solutions with √ŝ > 900 GeV. That is, if we have two solutions which satisfy the cut in an event, we use both solutions. If there is only one solution with √ŝ > 900 GeV, we use that one. This strategy causes a fake distribution towards smaller cos θ 1 this time. Since we impose a lower cut onŝ, this strategy tends to select a solution with largerŝ. By the same reason as above, this tends to pick up a solution with smaller cos θ 1 .
The above two lessons lead us to a good strategy to avoid the bias. It is to use both solutions in each event and impose anŝ cut on both of the solutions, i.e., we throw away an event if there is a solution with √ŝ < 900 GeV even though it may be a false solution. By doing that, the probability of selecting the true solution is exactly 50%, and there is no obvious reason to expect a fake distribution. We show in Fig. 11 the reconstructed cos θ 1 distribution by using the strategy (left figure) . A flat distribution is obtained which is expected in this model because a W = 0.0. For a more general case, the slope of this distribution should give approximately a W f 1 /2 where the factor of two comes from the effect of false solutions. As the statistical error of p 2 in Fig. 11 is ±0.07, the establishment of a W = 0 at the 3σ level would require |a W | > 0.6.
cos θ 2 distribution
This measures the product of the parity asymmetries a N and a W in Eq. (53) through the spin correlation of the neutralino. By the same strategy as in the cos θ 1 case, we obtain a flat distribution for cos θ 2 as expected. It is shown in the right panel of Fig. 11 .
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Figure 12: The reconstructed w(≡ cos θ 1 cos θ 2 (log | cos θ 1 cos θ 2 | − 1)) distribution. A deviation from the flat distribution indicates the presence of the spin correlations and parity violation in the chargino and the neutralino decays. The false solutions are included. A selection cut √ŝ > 900 GeV is imposed on both of the solutions in each event. The right figure is the same but with 300 fb −1 of data.
cos θ 1 cos θ 2 distribution
Although the cos θ 1 and cos θ 2 distributions are trivial in this particular model due to a W = 0.0, there can be a non-trivial correlation between cos θ 1 and cos θ 2 . An example is the distribution of the product cos θ 1 cos θ 2 which measures the product of the parity asymmetries in the neutralino and chargino decays independent of a W (see Eq. (56)).
We define a variable,
The theoretical distribution in Eq. (56) in terms of the variable w is
where h −1 is the inverse function of h(y), i.e., y = h −1 (w), and −1 ≤ w ≤ 1. The w distribution is flat in the parity conserving case (a N = 0). The deviation from the flat distribution is a signature of parity violation. The averaged value of f 2 depends on √ŝ min :
f 2 (600 GeV) = 0.58, f 2 (900 GeV) = 0.75.
Events/(π/10)/300 fb
Figure 13: The reconstructed φ 1 distributions for the χ + χ 0 (left) and the χ − χ 0 (right) production events.
Therefore, with the strategy for the selection cut discussed before, we expect an asymmetry a N f 2 /2 ≃ 0.38 in this model, where the factor of two is the effect of fake solutions.
The reconstructed w distribution is shown in Fig. 12 where we see deviation from the flat distribution. The right figure is the same analysis with 300 fb −1 of data. We fit the histogram with the function in Eq. (82) and obtained a significant asymmetry, a N f 2 /2 ≃ 0.47 ± 0.12 (0.49 ± 0.07) which deviates from zero by 4σ (7σ) with 100 fb −1 (300 fb −1 ) of data. A somewhat larger value compared to the expectation (0.38) can be understood by the fact that the effective √ŝ min is larger than 900 GeV because we have imposed a cut on both of the solutions.
Observation of this distribution together with the measurement of a N by the z l distribution will be a quite interesting confirmation of the spin-spin correlations.
φ 1 distribution
Non-trivial azimuthal-angle distributions show up when there is parity and/or CP violation in the decay vertex. In order to measure this, we need to completely reconstruct the kinematics such as the angle θ. The angle φ 1 is expressed in terms of the angle θ and the three-momentum of τ ± in the CM frame:
In order to define the CM frame in Fig. 1 , we need to know the direction of the anti-quark which can be determined only statistically in pp-collision experiments. We take the z-direction to be the same direction as that of the total momentum, P z = P z χ ± + P z χ 0 , in the laboratory frame since theq parton tends to carry a smaller momentum. In order to reduce the number of mis-choices, we impose a cut: P z > 1200 GeV.
The φ 1 dependent part of the distribution in Eq. (57) has opposite signs for χ + and χ − productions. We do not impose a cut onŝ because the g 1 function in Eq. (58) takes its maximum value at the threshold production. (In order to look for a CP asymmetry, it may be better to impose a cut. See Eq. (59).) We also use both solutions for P z ν . The averaged value of the functions g 1 and g 2 are:
We expect that these values will be affected due to the existence of the false solution.
The distributions are shown in Fig. 13 with 300 fb −1 of data. The left figure is the distribution of the χ + χ 0 events (i.e., the events with a positive-charge lepton) and the right figure is from the χ − χ 0 events. We fit the histogram by a function:
A qualitatively correct behavior is obtained in the χ + χ 0 events, i.e., p 2 > 0 and p 3 = 0, but χ − χ 0 events do not show the expected behavior of p 2 < 0 and p 3 = 0 due to poor statistics and the selection cut on P z . We can see from the figures that the selection cut on P z tends to give a fake distribution peaked near φ 1 ∼ 0 and 2π for both χ + χ 0 and χ − χ 0 events. One may be able to avoid this by imposing the P z cut on both solutions as we have done in the study of the cos θ 1 distribution, but it significantly reduces the statistics. A looser cut on P z results in a fake distribution by the mis-choice of the z-direction. Nevertheless, it is not a problem for observing a non-trivial distribution since the theoretic distribution is different for χ + χ 0 and χ − χ 0 productions. For example, one can try to rescale the histogram of the χ − χ 0 events and subtract from (or add to) that of the χ + χ 0 events in order to eliminate (or understand) the fake distribution. 
Summary
Ifτ is the lightest among the superpartners of the Standard Model particles, the SUSY signatures at the LHC experiments will be very different from the stable neutralino scenario.
We have demonstrated that the production processes of the neutralinos and charginos have rich information on model parameters. The spin correlations of intermediate particles give
rise to interesting non-trivial distributions in various kinematic variables. In previous studies of SUSY models at hadron colliders, the production of neutralinos and charginos have been usually thought of as good processes to discover SUSY through multi-lepton final states. In the stable neutralino scenario it is nevertheless challenging to extract information on models out of those processes because of the small cross sections and difficult kinematics due to escaping neutralinos. Much attention has been paid to production processes of colored superparticles and their cascade decays for the measurements of the model parameters.
However, as we have shown, the chargino-neutralino production process may provide us with the best opportunity for understanding SUSY models in the long-livedτ scenario.
The study presented in this paper is not fully realistic in several senses. We have not included the momentum resolution of theτ tracks or efficiency of the identification. Also, in the study of various distributions, we have ignored errors in the measurements of the chargino and the neutralino masses. We have used the transverse missing momentum evaluated by the fast detector simulator, but the resolution may be very different in real experiments. The trigger efficiency of the process has also been ignored. A more detailed analysis is necessary when we discover the long-livedτ . The analytical formulae presented in this paper will be useful in such future studies.
This work is inspired by studies of the electroweak theory in Refs. [33] where the differential cross section of the process e + e − → W + W − is calculated including the effect of spin correlations. These various distributions are studied for the purpose of confirming the SU(2) L × U(1) Y gauge interactions. The density matrix calculated there has been used to put constraints on anomalous interactions among gauge bosons at the LEP-II experiments [34] .
Ifτ is long-lived, the cross-section formula calculated in this paper can be used as a good test of SUSY at the LHC experiments just like we have confirmed the Standard Model at the LEP experiments.
We here comment on the χ 0 χ 0 production processes which we did not study in this paper.
In many cases, these processes have smaller cross sections than the χ ± χ 0 process. Since the Z-boson vertex involving the same mass eigenstates, Z − χ 0 i − χ 0 i , vanishes identically, the main production process is χ 0 i χ 0 j with i = j. If we require the opposite charges for twoτ 's and the leptonic decays for both of the τ leptons, the number of events will get smaller. However, for the reconstruction of the kinematics, it is much simpler than the χ ± χ 0 production events.
We can reconstruct the final state without the knowledge of the neutralino masses. Moreover, there is no discrete ambiguity for the reconstruction. The study of these processes will also be important ifτ is long-lived, although it may be challenging due to the limited statistics.
